





Economical, Green, and Safe Route Towards Substituted 
Lactones by Anodic Generation of Oxycarbonyl Radicals 
Alessia Petti[a], Matthew C. Leech [a], Anthony D. Garcia[a], Iain C. A. Goodall[a], Adrian P. Dobbs[a]; and 
Kevin Lam*[a] 
Abstract: 
A new electrochemical methodology has been developed for the 
generation of oxycarbonyl radicals under mild and green conditions 
from readily available hemioxalate salts. Mono- and multi-
functionalised γ-butyrolactones were synthesised through 
exo−cyclisation of these oxycarbonyl radicals with an alkene, 
followed by the sp3−sp3 capture of the newly formed carbon-centred 
radical. The synthesis of functionalised caprolactone derivatives was 
also achieved, demonstrating the versatility of the newly developed 
methodology.  This represents a viable synthetic route towards 
pharmaceutically important fragments and further demonstrates the 
practicality of electrosynthesis as a green and economical method to 
activate small organic molecules. 
Electrochemistry has long been a useful synthetic tool in 
organic chemistry, with examples as early as 1832.[1,2] With the 
introduction of more readily available electrosynthesis 
equipment,[3,4] electrosynthesis has experienced a resurgence in 
interest,[5–12] and has proven to possess diverse applications 
such as the allylic oxidation of alkenes,[9] fluorination of sp3 
carbon centres,[11] cathodic radical deoxygenation,[12] 
electrochemical methoxymethylation,[6] and oxidative 
decarboxylation.[8] Furthermore, these electrochemical 
transformations have been successfully transposed to an 
industrial scale.[9,13] 
Compounds containing γ-butyrolactone fragments exhibit 
varied uses, for example as fungicidal,[14] antibiotic,[15,16] and 
anticancer agents,[17,18] and therefore are of particular interest in 
the pharmaceutical industry.[19–21] As a result, numerous 
synthetic strategies have been developed to assemble 
substituted lactones rapidly and in good yields.[20] Generally, 
these procedures rely on the use of expensive and toxic metal 
catalysts at high loadings (ca. 5 mol% to multiple equivalents) 
based on copper,[22,23] ruthenium,[15,24] palladium,[25] or 
iridium[26,27] in order to increase yields, and with the exception of 
halolactonisation,[28] examples of metal-free reactions remain 
rare.[29,30] Unfortunately, these approaches are not ideal due to 
their reliance on expensive and potentially toxic metal catalysts 
and undesirable solvents, especially within a pharmaceutical 
environment. 
The use of photochemical methods to generate acyl 
radicals is well established, with a wide variety of photocatalysts 
and substrates utilised.[27,31–33] In contrast, the generation of acyl 
radicals using electrochemical methods remains scarcely 
explored.[34,35] This is perhaps surprising considering that the 
latter is significantly cheaper (1 mol of electrons costs ≈ 
£0.83/€0.93 vs £60–140/€67–156 per 100 mg of commercially 
available iridium-based photocatalysts),[36,37] less toxic, greener, 
and easier to scale-up to industrial scale.[9] With this in mind, we 
have previously employed aroyloxy radicals, formed via anodic 
oxidation of aromatic carboxylic acids, to synthesise a library of 
functionalised phthalides under mild and green conditions.[38]  
While the photochemical synthesis of γ-butyrolactones has 
recently been reported, this methodology relies on highly toxic 
and expensive solvent mixtures and metal catalysts.  Moreover, 
it is currently limited to sp2-sp3 coupling cascades and requires 
the use of a caesium salt.[27] Through an adaptation of our 
previously reported electrochemical methodology, we seek to 
complement this study and hereby report the synthesis of 
various substituted γ-butyrolactones from alcohol-derived 
hemioxalates using an unusual free radical sp3-sp3 cross-
coupling. 
Initial studies utilised the hemioxalate ammonium salt 1. 
While attempts to electrolyse the precursors, under their acidic 
hemioxalate form, afforded the desired outcome, their inherent 
instability precluded reproducibility. While other reports propose 
the use of caesium salts,[27] the synthetic routes can be long and 
non-trivial, whereas the corresponding ammonium salts are 
significantly cheaper, faster and easier to prepare, and lead to 
CO2 and NH3 as the volatile by-products of the reaction. 
Furthermore, cyclic voltammetry studies have shown the 
expected chemically and electrochemically irreversible oxidation 
and suggested that these salts can be oxidised at reasonably 
low potentials compared to usual aliphatic acids (≈ 0.9 V vs 
Fc).[39]    
Aliphatic carboxylic co-acids were chosen as coupling 
partners since they are known to undergo anodic 
decarboxylation. Furthermore, they provide a cheap and readily 
available source of alkyl radicals which undergo an unusual 
metal-free sp3-sp3 cross-coupling at the surface of the electrode 
(Table 1).[38] After optimisation,[40] it was found that the 
substituted lactone 2 was formed in higher yields (30%) when 1 
was added to a methanolic solution of co-acid and potassium 
hydroxide, with no lactone formation observed in DMF or 
acetonitrile. Alcohols, water, as well as mixtures of both are 
known to favour the mono-electronic anodic oxidation of 
carboxylic acids while other solvents tend to favour a bi-
electronic oxidation.[13] Platinum has shown to be the most 
appropriate electrode material for the reaction. As an anode, 
platinum limits the adsorption of the oxidation products and 
therefore avoids an overoxidation of the radical into a 
carbocation. As a cathode, the low hydrogen overvoltage of 
platinum favours the reduction of a proton (from the solvent, the 
ammonium or the co-acid) and therefore avoids any undesired 
cathodic side-reactions. On the contrary, carbon graphite was 
found to be unsuitable (see Table S1 in the supporting 
information) due to its high hydrogen overvoltage and to the fact 
that it strongly adsorbs organic substrates. No increase in yield 
was observed upon modification of the reaction temperature, nor 
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upon exchange of KOH for other common bases.  Remarkably, 
deoxygenating or drying the electrolysis solvent had no impact 
on the yields. Also, addition of 1 to the reaction mixture in six 
portions over a one-hour period assisted in maintaining a low 
concentration in hemioxalate, which was necessary since, as 
shown during our cyclic voltammetry studies, 1 is easier to 
oxidise than the aliphatic co-acid. 
 
Table 1. Anodic Lactonisation Optimisation Conditions[a][b] 
 
Entry Base Solvent Temperature Yield[a][b] 
1 KOH MeOH RT 35% 
2 KOH MeOH 0°C 22% 
3 KOH MeOH 50°C 11% 
4 NaOMe MeOH RT 23% 
5 KOH DMF RT 0% 
6 Pyridine DMF RT 0% 
7 KOH MeCN RT 0% 
8 Et3N MeCN RT 0% 
9 KOH H2O RT 0% 
[a] Reaction conditions: 0.6 mmol (1), 5 eq. R1COOH (R1 = H3C(CH2)7), 1 eq. 
KOH, MeOH, Pt foil working electrode, Pt-plated counter electrode, 100 
mA.cm-2, 10 F mol-1, RT, 56 min. [b] Yield determined by 1H NMR 
spectroscopic analysis of the crude mixture using CH2Br2 as an internal 
standard. 
 
A possible mechanism for the electrochemically induced 
cyclisation-cross-coupling is outlined in Scheme 1. The 
formation of the lactone is the outcome of at least five individual 
events that are occurring at both electrodes: (1) the Initial 
oxidation of the hemioxalate salt results in decarboxylation to 
form an oxycarbonyl radical (A), (2) which rapidly undergoes a 
5-exo-trig cyclisation to form a five-membered ring and a new 
carbon-centred CH2 radical (B). (3) Concurrently, deprotonation 
of the co-acid (forming C in-situ) and (4) subsequent 
decarboxylation results in large quantities of alkyl radicals (R•), 
(5) which recombine with the cyclised radical B to form the 
desired lactone.  This synthetic approach takes advantage of the 
unique properties of electrochemical synthesis, namely the 
ability to create high concentrations of radicals near or at the 
electrode’s surface.[41][42] This leads to radical recombination, 
which is not usually possible using classical homogenous 
methodologies.  
Conveniently, only small quantities of base are required for 
deprotonation since the electrolysis produces large amounts of 
methoxide ions from the reduction of the solvent, which acts in 
place of hydroxide. An excess of co-acid is required in order to 
prevent homo-dimerisation of the cyclised radical. However, a 
direct consequence of this is that the main by-product of the 
reaction is the R-R dimer. Nevertheless, these compounds are 
either volatile or easily removed by chromatography over silica 
gel. 
 
Scheme 1. A plausible mechanism for anodic lactonisation of hemioxalate 
salts. 
With the optimal electrolysis conditions in hand, the scope 
and limitations of the newly developed methodology were 
investigated by electrolysing 1 in presence of different aliphatic 
co-acids (Scheme 2). Moderate isolated yields of lactone 3 were 
obtained due to the high volatility of these compounds, resulting 
in significant losses upon purification.[43] However, in general, 
the NMR spectroscopic data of the crude mixture show a clean 
reaction, suggesting that pursuing further synthetic steps without 







Scheme 2. Anodic lactonisation reaction.[a][b][c] [a] Reaction conditions: 0.6 
mmol (1), 5 eq. R1COOH, 1 eq. KOH, MeOH, Pt foil working electrode, Pt-
plated counter electrode, 100 mA.cm-2, 10 F mol-1, RT, 56 min. [b] Yield 
determined by 1H NMR spectroscopic analysis of the crude mixture using 
CH2Br2 as an internal standard. [c] Isolated yields in parentheses. 
 
Using the newly developed method, a range of γ-
substituted lactones were obtained in good yields (lactones 2–
10). Furthermore, it appears that the steric bulk of the carboxylic 
acid has little to no effect on the coupling, with no notable 
decrease in yield upon exchange of butyric acid for iso-butyric or 
3,3-dimethylbutyric acid.  
Ester-functionalised lactones were also synthesised (8, 9) 
with no undesired electrochemical overoxidation observed by 1H 
NMR spectroscopy. More notably, it was possible to install 
halogen-terminated alkyl chains into these systems (10), which 
are rarely tolerated by more conventional radical methodologies 
owing to the ease of competitive halide radical abstraction. 
Similarly, the synthesis of lactones using a secondary co-acid 
was successful (7) albeit in slightly lower yields, which is 
unsurprising given the ease with which secondary alkyl radicals 
are usually anodically overoxidised to give the corresponding 
carbocations.[44,45] 
The possibility of synthesising higher functionalised 
lactones through modification of the hemioxalate salt was then 
explored (Scheme 3). Incorporation of alkyl moieties in the α-
position was achieved using the same synthetic procedure as for 
2–10, resulting in the synthesis of the alkyl lactones 11 and 12, 
alongside the more complex spiro-lactone 13. The addition of 
substituents on the alkene in the starting material allowed further 
γ-functionalisation and the introduction of C1-substituents on the 
alkyl chain, with the latter, also demonstrating the applicability of 
the electrochemical methodology to substituted alkenes. 
 
 
Scheme 3. Scope for further functionalisation.[a][b][c] [a] Reaction conditions: 
0.6 mmol (1), 5 eq. R1COOH, 1 eq. KOH, MeOH, Pt foil working electrode, Pt-
plated counter electrode, 100 mA.cm-2, 10 F mol-1, RT, 56 min. [b] Yield 
determined by 1H NMR spectroscopic analysis of the crude mixture using 
CH2Br2 as an internal standard. [c] Isolated yields in parentheses. 
 
Furthermore, the applicability of the methodology to the 
synthesis of δ-valerolactones was briefly investigated. Indeed, 
modification of the hemioxalate salt resulted in the successful 
formation of δ-valerolactone 17 in moderate yields under similar 
conditions, demonstrating the versatility of this electrochemical 
method. 
Similar attempts were made towards the synthesis of 
gamma-substituted lactams using this method.  Under 
electrochemical conditions, oxamic acids typically give the 
corresponding isocyanate, rather than the desired acyl radical.  
This is believed to arise because the formation of the 
carbocation is much more favourable, due to resonance 
stabilisation from the nitrogen lone pair.  It was postulated that 
the introduction of electron-withdrawing functionality (e.g. 
tosylate) on nitrogen would preclude lone pair donation and thus 
facilitate radical formation.  However, upon electrolysis of 18, no 
evidence of exo-cyclisation was found.  Instead, competitive 
overoxidation was observed, followed by trapping with 
methoxide to afford the corresponding carbamate 20 (Scheme 
4). A similar overoxidation also occurred even when a stronger 
electron-withdrawing group, such as a triflate, was installed on 
the nitrogen centre. A comprehensive study of the nitrogen 








Scheme 4.  Competing reaction pathways after decarboxylation of 
hemioxalate salt 18 to form carbamate 20. Ts = SO2-C6H4-p-CH3. 
 
In summary, we have reported a novel electrochemical 
methodology to generate oxycarbonyl radicals from simple 
hemioxalates. The methodology was applied to the synthesis of 
lactones via an intramolecular capture of the radical, followed by 
an sp3-sp3 radical cross-coupling. The reaction proceeds rapidly 
under mild and green conditions, without the need for transition 
metal catalysts, and is also tolerant of a variety of functional 
groups. Furthermore, it was possible to extend this methodology 
to the synthesis of substituted lactones δ-valerolactones, which 
further demonstrates the high versatility of this electrosynthetic 
procedure. 
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